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INTRODUCTION

M
ale gender is associated with a higher morbidity and mortality in both children and adolescents with chronic kidney disease (CKD). 1 Testosterone has been implicated in the difference of progression of CKD, by gender. 2 Children with renal dysplasia often reach end-stage kidney disease during puberty. 3, 4 There is evidence for a significantly steeper deterioration of renal function during puberty, independent of changes in body composition. 3 In adults, there is also evidence for gender disparity of progression of CKD, 5 with a higher rate of end-stage kidney disease in men. 5 The direct influence of testosterone upon renal function, and in particular renal hemodynamics, has not been established in humans.
We recently had the opportunity to observe substantial worsening of renal function in a 14-year-old boy with hypergonadotropic hypogonadism who had repeatedly exhibited reduction in renal function following administration of testosterone. We used a novel computed tomography (CT) perfusion imaging technique. This was combined with a state-of-the-art 256-slice CT scanner, to provide whole organ coverage without the challenges of image registration associated with the limited scan slice thickness of commonly available instruments. This allowed an in vivo assessment of renal blood flow, patterns of renal perfusion, and other functional parameters of the kidneys in previously unobtainable detail. Our method has not been published, but the principles of measuring renal blood flow and blood volume are comparable to those presented by Ehling et al. 6 
CASE PRESENTATION
A 14-year-old boy with Townes Brock syndrome (Online Mendelian Inheritance in Man #107480) and CKD stage 3 (estimated glomerular filtration rate [eGFR], 33 ml/min per 1.73 m 2 based on cystatin C, 7 [pediatric cystatin C eGFR reference interval, 90-135 mL/min per 1.73m 2 ]) and cryptorchidism was treated with 3 monthly 50-mg depot testosterone i.m. injections to promote pubertal development. Before these injections, his luteinizing hormone was pubertal at 13.4 IU/l (reference range, 1.7-8.6 IU/l) and follicle-stimulating hormone was 8.0 IU/l (reference range, 1.5-12.4 IU/l]. His testosterone concentration was inappropriately low at 3.4 nmol/l (reference interval, 8.6-29.0 nmol/l), consistent with hypergonadotropic hypogonadism. Full informed written consent was obtained from the consenting minor and his caregiver.
Following the injections, the patient's serum creatinine levels increased from 133 to 211 mmol/l (reference interval, 62-120 mmol/l) and cystatin C increased from 2.5 to 3.5 mg/l (reference interval, 0.27-1.20 mg/l). The cystatin C eGFR 7 dropped to 22 ml/min per 1.73 m 2 . For consistency, all eGFR measurements reported here are based on the cystatin C eGFR. The boy's height was 169.2 cm (50th percentile) and his weight was 113.8 kg (> 99th percentile). His medication at that time included 10 mg ramipril twice daily, 25 mg carvedilol twice daily, 20 mg hydralazine thrice daily, 12.5 mg hydrochlorothiazide once daily, 1000 U vitamin D and 25 mg alfacalcidol at bedtime, 4000 mg sodium bicarbonate thrice daily, and ferrous sulfate 300 mg at lunchtime and 20 mg darbepoetin alfa every 4 weeks subcutaneously. Blood pressure was 131/71 mm Hg. His medication remained unchanged except for a need for a higher darbepoietin dosage, which was changed to every fortnight. Blood pressure improved slightly to 122/68 mm Hg.
After cessation of testosterone, the patient's serum creatinine level dropped to 140 mmol/l and his cystatin C level dropped to 2.3 mg/l. He remained stable at this level of kidney function for 6 months, when he was rechallenged with a single dose of 50 mg testosterone i.m. for continued cryptorchidism and hypogonadism. Again, his serum creatinine level rose to 206 mmol/l and cystatin C to 2.95 mg/l, which equated to an eGFR of 27 ml/min per 1.73 m 2 . The changes induced by the testosterone challenge are given in Table 1 . Magnesium, glucose, white blood cell count, platelets, thyroid stimulating hormone, and vitamin D metabolite levels were unchanged.
To further establish a potential direct causal link between testosterone exposure and to inform clinical choices over future sex hormone supplementation in this patient, CT perfusion imaging was performed before and after rechallenging with testosterone. Imaging was done on a GE Revolution 256-slice CT scanner (Boston, MA, USA) at St Joseph's Health Care London, Ontario, Canada. Following low-volume iodinated contrast agent injection, dynamic contrast enhanced CT scanning of a 16-cm section of the abdomen fully encompassing both kidneys was performed without breath-hold. The section was divided into 32 slices of 5-mm thickness each and was scanned 42 times at 2.8-second intervals using 120 kV and 22.4 mA for a duration of approximately 2 minutes. Following the scan, images were reconstructed using adaptive statistical iterative reconstruction (GE Health Care Canada Inc, Mississauga, ON) to reduce image noise.
CT images were registered using nonrigid registration to minimize the effects of breathing motion during scanning. Registered images were analyzed using prototype CT Perfusion 4D software (GE Healthcare). Following artery region of interest selection, functional maps were computed for blood flow (BF), blood volume, mean transit time (a marker of blood flow over time), permeability surface area product, and contrast appearance time. Next, regions of interest were drawn over the kidney in the BF maps to encompass medullar and cortical areas. Then, BF values were averaged over the selected transverse slices to determine mean kidney BF values.
The testosterone re-exposure (measured 2 weeks after the re-exposure), and reduction in renal function, was associated with an 11% reduction in cortical BF. Average cortical BF dropped from 242 mL/min per 100 g to 216 mL/min per 100 g (P ¼ 0.01, paired t test) ( Table 2 ). Mean transit time decreased from 7.8 to 9.6 seconds (P ¼ 0.00028). Blood volume and permeability surface area product remained unchanged. Medullary BF was relatively preserved compared with cortical BF (see Figure 1) . Furthermore, the reduction in tissue perfusion was markedly heterogeneous (see Table 2 ), consistent with microcirculatory dysfunction. 8 The patient received only 1 dose of testosterone but the cystatin C and serum creatinine did not fully recover after the re-exposure to testosterone. With the re-exposure, the patient's serum creatinine level increased to 473 mmol/l 1 month after the injection and only recovered to 254 mmol/l, and cystatin C peaked at 5.35 mg/l and dropped only down to 4.16 mg/l. He subsequently underwent bilateral inguinal orchidopexy.
DISCUSSION
We present a case of acute testosterone-induced deterioration of renal function in a 14-year-old boy with Townes Brock syndrome and hypergonadotropic hypogonadism. Further reduction of renal function after subsequent reintroduction of testosterone was associated with the same response, inferring an association. The pathophysiology of this effect appears to be attributable to testosterone-mediated changes in intrarenal hemodynamic parameters. This was confirmed on direct dynamic imaging and strongly supported by the observed reduction in proteinuria. The key questions raised by this potentially highly instructive case are, Why did this happen? and, Why was it reversible? There are several reports about a differential effect of sex hormones on renal tissues, including differential effects on mesangial cell proliferation, 9 collagen synthesis, 9,10 and apoptosis. 11, 12 Animal data suggest that podocytes are a target for testosterone. Testosterone has been shown to induce podocyte damage and apoptosis, whereas 17-b estradiol was protective. 10 However, low-dose testosterone has been found to be protective against renal ischemiareperfusion injury, 13, 14 and a recent study found an association with low testosterone levels and lower eGFR in a cross-sectional study of men aged 40 to 80 years. 15 In our case, the effect of testosterone was reversible because renal function returned to normal following cessation of testosterone replacement therapy, at least the first time. However, renal function did not return to baseline after re-exposure. There is evidence for the presence of testosterone receptors on the afferent arteriole of the kidneys and a specific dose-dependent effect of testosterone in an arteriole culture model. 16 Afferent arterioles are the major resistance vessels in the kidney, and play an important role in the development of renal injury and hypertension. The reversible worsening of renal function, decrease of renal blood flow, and reduction of proteinuria suggest that changes in the renal perfusion rather than permanent damage to the nephrons were responsible for the observed effect. Furthermore, this implies that testosterone may be a key contributor to the observed gender differences in CKD progression and the development of acute kidney injury. Detailed intrarenal perfusion studies in animal models of acute kidney injury consistently identify the importance of the heterogeneity of perfusion within the organ. [17] [18] [19] This pattern of perfusion was present within the kidneys of this patient after testosterone challenge. Such detailed study of these effects have not been previously possible to examine in humans, due to imaging technology limitations.
A strength of our case report is the fact that renal function was measured using both cystatin C and creatinine, thereby excluding the likelihood that changes in the tubular secretion of creatinine were responsible for the observed increase in renal retention parameters. 20 The weight of the patient did not change, making changes in muscle mass unlikely. Another strength lies is the objective confirmation of renal perfusion changes by taking advantage of cutting-edge developments in both imaging technology and sequence development. There are several limitations, mostly due to the fact that a single case is presented without confirming the effects in other subjects, and the fact that a therapeutic testosterone dose was administered for the purpose of inducing puberty in a single dose rather than gradually increasing testosterone concentrations. Physiological changes of testosterone during puberty may have a much more blunted effect. It is also unclear if a sustained exposure to testosterone may have irreversible effects. It was fortuitous that with the particular circumstances in this patient, and the availability of renal perfusion measurement, we were able to establish an association and a possible pathomechanism for the observed testosterone-induced renal dysfunction. However, although the amount of contrast was very small, contrast-related acute kidney injury could have confounded the effect of testosterone, although serum creatinine and cystatin C levels were unaffected by the first contrast study.
This patient represents an index case to establish the importance of sex hormone status within the setting of CKD. This study provides the first direct human experimental evidence that testosterone directly modulates renal perfusion. This may be of crucial importance in understanding the observed sex differences in vulnerability to CKD and suggests that this may be an important dimension to be considered in future research into the development and progression of CKD.
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